We examined photochemical effects by ultraviolet irradiation on facilitated proton transfer at a water/1,2-dichloroethane (W/DCE) interface by ion-transfer voltammetry using a Xe flash lamp. 5,10,15,20-Tetraphenyl-21H,23H-porphine (H2TPP) or its metal complex, such as cobalt (Co(II)TPP), zinc (Zn(II)TPP), and nickel (Ni(II)TPP) complexes, was added into the DCE phase as an ionophore for the facilitated proton transfer. After we irradiated the W/DCE interface through the W phase, the voltammetric waves for proton transfer facilitated by H2TPP and Co(II)TPP were remarkably enhanced and shifted to the lower potential region, compared to those before irradiation. We confirmed from the pH and argentometric titrations that such enhancements and shifts of the waves were caused by hydrogen chloride (HCl) produced by photodecomposition of DCE. On the other hand, the waves for proton transfer facilitated by Zn(II)TPP and Ni(II)TPP were very small from the beginning, and showed neither enhancement nor any shift upon irradiation.
Introduction
In the past couple of decades, ion-transfer voltammetry at an interface between two immiscible electrolyte solutions (ITIES) has been used for examining various chemical and biochemical reactions occurring at a liquid-liquid interface and in a membrane. [1] [2] [3] [4] In these many studies on ion-transfer voltammetry at ITIES, photochemistry, photosynthesis, photochemical reactions, and photoinduced electron transfer have been examined. [5] [6] [7] [8] [9] [10] [11] [12] On the other hand, we have developed several voltammetric techniques at ITIES by using light as optical excitation sources. Thermal modulation voltammetry (TMV) is one of them, in which ultraviolet or visible laser light serves as a heat source. Using the TMV at ITIES, we determined the standard entropy changes of ion transfer for tetraalkylammonium ions, 1-alkylpyridinium ions, etc. [13] [14] [15] Further, using ultraviolet light inducing photochemical reactions, we developed photomodulation voltammetry (PMV) and examined the photodecomposition of tetraphenylborate at ITIES with a He-Cd laser emitting light at 325 nm. 16, 17 Based on these studies, we attempted to use shorter wavelength ultraviolet light, since such light has a strong possibility to induce various photochemical reactions useful for analytical chemistry. This work is the first result for our attempt.
In general, we cannot observe ion transfers across ITIES of proton (H + ) and very hydrophilic metal ions, such as Li + , Na + , etc., from the aqueous to the organic phase within a conventional potential window by ion-transfer voltammetry. However, the addition of proper ionophores, such as various kinds of crown compounds, to the organic phase allows one to observe the ion transfers of such hydrophilic ions. [18] [19] [20] Some lipophilic amines can facilitate proton transfer from the aqueous to organic phase by forming its conjugated acid. [21] [22] [23] 5,10,15,20-Tetraphenyl-21H,23H-porphine (H2TPP) and its transition-metal complexes (M(II)TPP), which are lipophilic, have two proton-free nitrogen atoms in their pyrrole rings, as shown in Fig. 1 , and consequently they can facilitate proton transfer from the aqueous to the organic phase at liquid-liquid interfaces. [24] [25] [26] [27] While exploring the PMV using ultraviolet light from a Xe flash lamp, we accidentally found out that proton transfer facilitated by H2TPP or Co(II)TPP was greatly enhanced at a water/1,2-dichloroethane (W/DCE) interface after irradiating the interface. In this paper, we consider this enhancement in more detail and propose its mechanism.
Experimental

Apparatus
Experimental arrangement for ion-transfer voltammetry at a W/DCE interface used in this work is shown in Fig. 2 . Ultraviolet light was supplied from a Xe flash lamp (Hamamatsu, SQ type, L 2359) covered with UV glass driven at 400 Hz with an electronic source (Hamamatsu, C3684) and a function synthesizer (NF, 1930A). The Xe flash lamp has a spectral range from 185 to 2000 nm and several bright lines below an absorption edge of DCE saturated with water, approximately 300 nm. The irradiance at 229 nm is the strongest one in those at the wavelengths of the blight lines, 0.72 μW cm -2 nm -1 .
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For voltammetric measurements, we used a four-electrode type potentiostat (Hokuto Denko, HA1010mM1A); the voltammograms were recorded on an X-Y recorder (Riken Denshi Co., Ltd., Model-F35CA). The potential was usually swept at 10 mV s -1 with a potential sweeper (Huso Electro Chemical System, Model 1104). The positive currents indicate ion transfer of a cation from the W to the DCE phase and vice versa. The electrolytic cell used is shown in Fig. 3 . The cell was machined from polychlorotrifluoroethylene resin blocks and consisted of two compartments for the W and DCE phases. The two compartments were separated by a quartz glass plate of 10 mm thick with a hole of 3 mm in diameter. The W/DCE interface was formed in the hole and its horizontal position was exactly fixed at the middle of the hole by injecting the DCE solution with a syringe. In order to maintain the interface flat, the wall of the hole on the side of the DCE phase was treated with dimethyldichlorosilane. The spot size of the ultraviolet light was approximately 10 mm in diameter at the interface, and the flashes were delivered from the W to the DCE phase. The reference electrodes in the W (RE1) and DCE (RE2) phases were KCl saturated silver/silver chloride (Ag/AgCl) electrodes. Spiral platinum wires were used as counter electrodes (CE1 and CE2). As shown in Scheme 1, the W phase contained 10 mM (1 M = 1 mol dm -3 ) LiCl as a supporting electrolyte, whereas the DCE phase contained 10 mM tetrapentylammonium tetrakis(pentafluorophenyl)borate (TPnATPFPB) and X mM (usually 0.5 mM) H2TPP, Co(II)TPP, Zn(II)TPP, or Ni(II)TPP. Cyclic voltammograms were measured after irradiation for 10 min. Ohmic drop compensation was used in all voltammetric measurements. The measurements were carried out at room temperature, 25 ± 1C . Galvani potential differences (ΔO W φ) were shown based on the tetraarsonium-tetrapenylborate assumption by taking the standard ion transfer potential (ΔO W φ ) for tetraethylammonium ion at a W/DCE interface to be 20 mV.
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Cyclic voltammograms were measured for the W phases with different proton concentrations. The proton concentration was adjusted with hydrochloric acid and sodium hydroxide solution. The chloride-ion concentration was adjusted to be 100 mM by adding LiCl or NaCl. Further, we measured the voltammograms, using phosphate and acetate buffer solutions with an ionic strength of 0.2 M. The pHs of W phases were measured with a pH meter (HORIBA, F-52S). In addition, UV-Vis absorption spectra were measured with a spectrophotometer (JASCO Co., V-670DS).
Acid-base titration and argentometry
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Titrations were carried out to determine photodecomposed products of DCE, that is, proton and chloride ion. Then, a 50-mL portion of DCE and 50 mL of deionized water were added to a 100-mL beaker, which was irradiated with a flash lamp for 180 min from the aqueous phase. After irradiation, we slowly stirred the aqueous phase with a glass rod to make it uniform, sampled a certain volume of the aqueous phase, and determined the proton concentration by acid-base titration and the chloride-ion concentration by argentometric titration (Mohr method). TPnATPFPB synthesized was recrystallized from acetone and was washed with water/methanol mixed solution several times. 31 1,2-Dichlroethane (nacalai tesque) was mixed with deionized water in a large flask together and stirred with a stirring bar for 3 h for equilibration. All other reagents used were guaranteed reagents and used without further purification. Figure 4 shows cyclic voltammograms for facilitated proton transfer across the W/DCE interface before and after ultraviolet irradiation for 10 min. Irradiation for longer than 10 min hardly gave any further voltammogram change. Although both voltammograms showed a couple of positive and negative waves, their mid-potentials and peak currents were greatly different. The waves have already been reported to be due to proton transfer facilitated by H2TPP, shown as H2TPP (DCE) + H + (W)  H3TPP + (DCE). 24, 26 Fig. 4 . The mid-potential was shifted from 192 to 148 mV and the peak currents were enhanced by approximately 5.5 times. The negative shift in the mid-potential and the enhancement in the peak current both suggest an increase in the proton concentration on the W-phase side of the interface. For proton transfer facilitated by H2TPP, the following expression has been proposed on the condition that the concentration of H + in the W phase is much higher than that of H2TPP in the DCE phase, 26, 32 + in the DCE phase and pH W is the pH in the W phase. As described later in detail, the mid-potential was shifted at approximately 60 mV/pH. Based on this fact, a decrease in the pH between before and after the irradiation was estimated to be 0.74. This decrease in the pH indicates that the proton concentration after irradiation increased by 5.5-times higher than that before irradiation. The good agreement between the enhancement in the peak current and the increase in the proton concentration strongly suggests that DCE is decomposed by irradiation to produce hydrogen chloride, HCl. Indeed, it is known that DCE is slowly photodecomposed under sunlight, and that its decomposition is promoted by ultraviolet irradiation. 33, 34 From such facts, the following mechanism will be proposed. Hydrogen chloride is photochemically produced by the ultraviolet irradiation in the DCE phase, and is then extracted to the W phase. As a result, the facilitated proton transfer is greatly enhanced.
Results and Discussion
Effect of ultraviolet irradiation with the Xe flash lamp on proton transfer facilitated by H2TPP
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Determination of HCl produced by the ultraviolet irradiation
In order to experimentally demonstrate that DCE is decomposed by the irradiation to produce HCl, two kinds of titrations, that is, an acid-base and an argentometric titration, were carried out. Two DCE phases were tested. One is pure DCE and the other is a DCE solution containing 10 mM TPnATPFPB. The results are summarized in Table 2 . These results indicate that the proton and chloride ion were almost equivalently produced by the irradiation, and it is therefore suggested that the decomposed product of DCE was mainly HCl. However, the concentration of the chloride ion was somewhat higher than that of the proton. This fact implies that the decomposed product was not only HCl, but also substances other than HCl, for example, choline Cl2. On the other hand, the addition of 10 mM TPnATPFPB into the DCE phase lowered both concentrations of proton and chloride ion. This fact implies that tetrakis(pentafluorophenyl)borate (TPFPB -) strongly absorbed the ultraviolet light, or it was mainly decomposed instead of DCE by the irradiation, although TPFPB -is known to be a resistive material to ultraviolet light.
Cyclic voltammetry by using unbuffer and buffer solutions as the W phase
In voltammetric measurements until now, the W phase was not buffered (pH 8.1). If buffer solutions are used for the W phase, the buffer action is expected to reduce any pH change with HCl distributed to the W-phase side of the interface. Based on this expectation, we measured cyclic voltammograms, using buffer solutions. Figures 5 and 6 show cyclic voltammograms obtained before and after the 10-min irradiation when using unbuffer (a) and buffer solutions (b), and the pH dependences of the midpotentials and the anodic peak currents, respectively. 1) Unbuffer solutions. As can be seen in Fig. 5(a) , the voltammograms measured before the irradiation showed two waves at pHs of 1.00 and 1.90, and one wave at pHs of 3.92 and 5.07. This is obvious that the two waves were both shifted to the more positive potential region with increasing pH, and eventually only the first wave remained within the potential window and the second wave was beyond it at higher pHs. The first and second waves are assigned to proton transfer facilitated by H2TPP expressed as:
respectively. 26, 27 The pH dependences of ΔO W φm in Fig. 6 (a) show that the mid-potential of the first wave before and after the irradiation was shifted to more positive potentials with increasing pH, approximately at 60 mV/pH in the pH region less than 4 and leveled off in the pH region more than 4. The pH dependences of less than 4 can be explained by proton transfer facilitated by H2TPP, as expressed by Eq. (2). However, it should be noted that each mid-potential of the first wave after the irradiation was approximately 15 mV more negative than that before irradiation at the same pH. This fact means that the proton concentration on the W-phase side of the interface was slightly increased by HCl produced from photodecomposition of DCE. The levelling off in the pH region of more than 4 can be explained by a fact that the concentration of HCl did not become much higher than that of H2TPP under such an irradiation condition. 32 By the way, we have confirmed the existence of H4TPP 2+ from a maximum absorption wavelength of the Soret band and the number of Q-band of an absorption spectrum of DCE solution of H2TPP measured after ultraviolet irradiation. 35 Meanwhile, the voltammograms measured after irradiation showed two waves at lower pHs, and one wave at higher pHs in the same way as those before irradiation. Further, the wave was clearly observed even at pH 5.07 compared to that before irradiation. In addition, the pH dependence of Ipa in Fig. 6(a) shows that the wave was clearly observed even until pH 8.3 beyond pH 5.07 after the irradiation. These results are due to a fact that HCl, being produced from photodecomposition of DCE, maintained pH on the W-phase side of the interface constant at approximately 5 under the irradiation used in this experiment. Even before irradiation, the wave was slightly observed in a pH region of more than 5, as can be seen from the pH dependence on Ipa, although Ipa became rapidly smaller beyond pH 4. Moreover, the pH dependence on ΔO W φm showed that ΔO W φm was kept approximately constant at 170 mV regardless of the pH. Such pH dependences on Ipa and ΔO W φm seem to be contradictory to each other. We speculate that this contradictory might be due to a fact that the pH at a thin W-layer adjacent to the interface had been lowered from the beginning by residual acid contained in DCE. With respect to the second wave, the mid-potentials before and after irradiation were shifted to positive potentials with increasing pH at approximately 60 mV/pH, although the second wave was measured at only two pHs of 1.00 and 1.90. This fact supports that proton transfer facilitated by H2TPP occurred with one proton, as shown in Eq. (3). The irradiation effect on the second wave was also similar to that on the first wave.
2) Buffer solutions. When buffer solutions were used, both voltammograms before and after irradiation showed only one wave, as shown in Fig. 5(b) , which corresponds to the first wave shown in Eq. (2). As can be seen from the pH dependences on ΔO W φm and Ipa in Fig. 6(b) , the mid-potentials agreed well before and after irradiation, although the peak currents were somewhat different. These facts suggest that the voltammograms before and after irradiation are substantially the same and that a change in pH coming from photodecomposition of DCE is entirely reduced by the buffer action. In this connection, pKa1 for H4TPP 2+ (DCE)  H3TPP + (DCE) + H + (DCE) and pKa2 for H3TPP + (DCE)  H2TPP (DCE) + H + (DCE) were determined to be 6.54 and 10.4 by using Eq. (1), respectively. These pKa values are fairly in agreement with literature values. 26 From a comparison between the voltammograms measured with unbuffer and buffer solutions, it is confirmed that the change of the voltammogram by irradiation is attributed to HCl produced from photodecomposition of DCE.
Effect of the ultraviolet irradiation on ion transfer voltammograms for Co(II)TPP and other M(II)TPPs
It has already been known that proton transfer is facilitated by transition-metal complexes including Co(II)TPP, Zn(II)TPP, and Ni(II)TPP in the same manner as H2TPP. 24, 25 Figure 7 shows the cyclic voltammograms for Co(II)TPP with unbuffer (a) and buffer (b) solutions. As can be seen in this figure, the voltammograms measured with unbuffer solutions showed two waves in the pH region of less than at least 3.21 and one wave at higher pHs, both before and after irradiation. The slopes for the first and second waves were determined to be 47 and 37 mV/pH, respectively, in the pH region less than 4.82 (data not shown). Although the slopes were less than the theoretical value of 59 mV/pH, these waves are likely assigned to proton transfer facilitated by Co(II)TPP expressed as:
respectively. 24, 25 In addition, we confirmed the existence of Co(II)HTPP + and Co(II)H2TPP 2+ from the maximum absorption wavelength of the Soret band and the number of Q-band in an absorption spectrum of DCE solution of Co(II)TPP after the ultraviolet irradiation. 35 Thus, the first wave was enhanced in the higher pH region by HCl produced from decomposition of DCE by the irradiation, compared to that before irradiation. On the other hand, the voltammograms measured with buffer solutions, shown in Fig. 7(b) , showed only one wave, and both the voltammograms before and after irradiation were identical to each other. It is obvious from this fact shows that a change in the pH is perfectly vanished by the buffer action. In this connection, pKa1 for H2Co(II)TPP 2+ (DCE)  HCo(II)TPP + (DCE) + H + (DCE) and pKa2 for HCo(II)TPP + (DCE)  Co(II) TPP (DCE) + H + (DCE) were determined to be 6.54 and 10.2 by using Eq. (1), respectively. These pKa values were almost the same as those for H2TPP. On the other hand, the waves for proton transfer facilitated by Zn(II)TPP and Ni(II)TPP were very small from the beginning, and showed neither an enhancement nor a shift by the irradiation. Instead of an enhancement and a shift of the wave for the facilitated proton transfer for Zn(II)TPP, one new wave was observed after irradiation. Since the mid-potential of the new wave was almost constant regardless of the pH (data not shown), the wave is probably due to ion transfer from the DCE to the W phase of an anionic decomposed product of Zn(II)TPP by the irradiation. In the case of Ni(II)TPP, the effect of irradiation was hardly observed. 
Summary
We examined the effect of ultraviolet irradiation on proton transfers facilitated by H2TPP and its transition-metal complexes at a DCE/W interface by ion transfer voltammetry, using a Xe flash lamp, which has several bright lines in the ultraviolet region below 300 nm, and acid-base and argentometric titrations. As the result, it became clear that DCE is decomposed by ultraviolet irradiation to produce HCl, and the HCl is distributed to the W phase to lower pH on the W-phase side of the interface. Consequently, when the W phase was not buffered, the voltammograms for proton transfer facilitated by H2TPP were greatly changed. In addition to proton transfer by H2TPP, we examined the effect of the irradiation on the proton transfer facilitated by Co(II)TPP and other metal complexes, such as Zn(II)TPP and Ni(II)TPP. For Co(II)TPP, the effect was the same as that for H2TPP. However, one new wave was observed after irradiation for Zn(II)TPP when using either unbuffer or buffer solution. Since the wave was independent of the pH, it is probably due to ion transfer of a decomposed product of Zn(II) TPP by irradiation. With respect to Ni(II)TPP, the effect was hardly observed. The photodecomposition of DCE by irradiating with a Xe flash lamp with several bright lines below 300 nm is available for changing the pH in situ at a DCE/W interface.
